INTRODUCTION
A high proportion of known yeasts species are associated with plants, insects or both (Lachance et al. 2001; Ganter 2006; Starmer and Lachance 2011) . Surveys conducted so far suggest that they are not uniformly distributed across space, but rather exhibit spatial segregation both at large (biogeographic) and small (microenvironment) scales, correlated to a large degree with the distribution and type of insect vectors, host plant species and plant microhabitat characteristics (Rosa et al. 1995; Lachance et al. 2001; Lachance, Bowles and Starmer 2003; Pozo, Lachance and Herrera 2012 ). Plants offer a great variety of favourable microenvironments for yeast growth, with substrates that vary enormously in chemical properties. Unique yeast communities appear associated to the rhizosphere (Grayston and Campbell 1996; Botha 2006; Mestre et al. 2011) , the phyloplane (Inácio et al. 2002; Fonseca and Inácio 2006) , plant exudates (Lachance, Metcalf and Starmer 1982; Spencer et al. 1996; Pimenta et al. 2009 ), necrotic tissues (Rosa et al. 1995; Cadete et al. 2012) , fruits (Trindade et al. 2002; Vadkertiová et al. 2012; Brysch-Herzberg and Seidel 2015) and flowers (Brysch-Hertzberg et al. 2004; Pozo, Herrera and Bazaga 2011; Glushakova et al. 2014) .
Wild flowers remain a comparatively unexplored reservoir of yeast biodiversity, as suggested by the increasing number of novel yeast species recovered exclusively from flowers described in the last years (Lachance and Kurtzman 2011) . Different microbial communities have been isolated from floral parts, including sepals, petals, pollen or nectar (Pozo, Lachance and Herrera 2012; Aleklett, Hart and Shade 2014) . Nectar, a carbohydraterich solution that may also contain lipids, proteins and amino acids, has been shown to be an important niche for the proliferation of yeasts, and particularly for Ascomycetes (Lachance 2006) . Recent studies on the ecology of ephemeral yeast communities recovered from floral nectar have led to the discovery of their importance for plant-pollinator interactions. It is now well known that nectar-inhabiting yeasts, and more specifically some species of the genus Metschnikowia as the cosmopolitan nectar specialist Metschnikowia reukaufii can alter nectar sugar and amino-acid composition (Herrera, García and Pérez 2008; Peay, Belisle and Fukami 2012; de Vega and Herrera 2013) , reduce sugar concentration (Herrera, García and Pérez 2008; de Vega, Herrera and Johnson 2009; de Vega and Herrera 2012) , warm the flowers or affect plant fitness through effects on insect behaviour (Herrera, Pozo and Mendrano 2013; Vannette, Gauthier and Fukami 2013; Schaeffer and Irwin 2014; Schaeffer et al. 2016) . Other Ascomycetous yeast species frequently recovered from floral nectar and their associated insects belong to the genera Starmerella, Kodamaea and Wickerhamiella (Starmer and Lachance 2011) , but their role on plant-pollinator interactions has not been studied yet.
Wickerhamiella is a genus whose membership has increased from the single species accepted by to five species accepted by Lachance and Kurtzman (2011) . The number of known Wickerhamiella and related Candida species now includes 35 species. Most Wickerhamiella and related Candida species show a high degree of nutritional and ecological specialisation, a narrow carbon assimilation profile, and a strong association with flowers and flower-visiting insects, especially flies and beetles (Lachance and Kurtzman 2011) . Some Wickerhamiella species exhibit a cosmopolitan distribution, but most appear to be endemic to continental land masses or have a restricted distribution, most species having been isolated in the Neotropics and in Asia, while other regions have remained mostly unexplored. The high degree of sequence divergence among many species in the clade suggests that many unknown species might exist and remain to be discovered (Lachance and Kurtzman 2011) .
During different surveys of yeasts associated with flowers and insects in the KwaZulu-Natal region of South Africa, 38 strains of two new species were isolated from floral nectar of five species of Protea and five species of insect pollinators, including beetles, bees and flies. The sequences of the internal transcribed spacer (ITS) region and the D1/D2 domains of the large-subunit rRNA gene were sufficiently divergent to infer that these yeasts represent two novel species that belong to the Wickerhamiella clade. We now describe the novel species as Wickerhamiella nectarea and W. natalensis. Here we discuss the ecology and phylogenetic relationships of the clade in relation to its potential host species and biogeography, and present evolutionary considerations. We also review the current status of floral yeast biodiversity research with a focus on nectar as a reservoir of hitherto undescribed species, and the importance of insect vectors and biogeography. Additionally, 18 species formerly assigned to the genus Candida are here reassigned formally to the genus Wickerhamiella.
METHODS

Collection
We examined 113 nectar samples of the following Protea species: P. caffra (n = 20), P. dracomontana (n = 16), P. roupelliae (n = 19), P. simplex (n = 16), P. subvestita (n = 16) and P. welwitschii (n = 26). Each nectar sample corresponded to a fully dehisced inflorescence from a different plant exposed to natural pollinator visitation. Nectar collection was carried out at a number of localities in KwaZulu-Natal province of South Africa. Sites differed in ecological characteristics including elevation, soil and vegetation type (for further details, see de Vega, Herrera and Johnson 2009 
welwitschii).
We additionally captured in the field 51 insect specimens in the process of visiting Protea flowers. They were identified as Atrichelaphinis tigrina (Coleoptera: Scarabaeidae: Cetoniinae, n = 10), Cyrtothyrea marginalis (Coleoptera: Scarabaeidae: Cetoniinae, n = 10), drosophilid flies (Diptera: Drosophilidae, n = 10), Heterochelus sp. (Coleoptera: Scarabaeidae: Hopliinae, n = 10), Trichostetha fascicularis (Coleoptera: Scarabaeidae: Cetoniinae, n = 2) and Apis mellifera scutellata (Hymenoptera, Apidae, n = 9). For further details of the insects, see de .
Strain isolation and characterisation
Five microliters of nectar were collected from each inflorescence with sterile microcapillaries. Nectar was diluted in 500 μl sterile MilliQ water, and 25 μl of each nectar dilution was streaked with a sterile loop onto YM agar plates (2.0% agar, 1.0% glucose, 0.5% peptone, 0.3% malt extract, 0.3% yeast, pH 6.0) with 0.01% chloramphenicol. Yeasts from insects were isolated by allowing specimens to walk on YM agar plates for 10 min after which they were removed (and later released to their original populations). Plates with isolates from floral nectar and insects were incubated at room temperature (20
• C-24
• C) for 3-8 days. A representative colony of each different yeast morphotype was purified and preserved at -80 • C on glycerol 30% and using the Microbank system (Pro-Lab diagnostics). Cultures were characterised by the standard methods of Kurtzman et al. (2011) . All the strains listed in Table 1 were tested. Dalmau plates were prepared using Yeast Carbon Base agar supplemented with 0.01% yeast extract (YCBY) and 1.5% agar. Mating compatibility was investigated for all isolates by mixing pairs of cultures on YCBY, Yeast Carbon Base supplemented with 0.01% ammonium sulfate and 1.5% agar (YCBAS), or with dilute (1:9 and 1:19) V8. Cultures were incubated at room temperature (20
• C) and examined periodically by phasecontrast microscopy for the formation of zygotes, asci and ascospores up to 10 weeks.
DNA sequencing and phylogenetic analysis
The ITS region and the D1/D2 domains of the large-subunit (26S) rRNA gene were amplified by PCR following the methods of Kurtzman and Robnett (1998) and Lachance et al. (1999) . Amplification was performed with yeast cells grown on YM agar for 2 days. A loopful of culture was resuspended in 500 μl of sterile MilliQ water. DNA was obtained by freezing the suspension in liquid nitrogen for 5 min, followed by a 5 min heat shock at 100
• C (Baleiras, Reizinho and Duarte 2005) . The primer combinations ITS1 and ITS4 (White et al. 1990 ) as well as NL1 and NL4 were used in separate reactions. PCR reactions were performed as in the study by de Vega and Sequences were assembled and edited using Sequencher 4.9 (Gene Codes). The D1/D2 sequences and ITS sequences were aligned with type strain sequences of all known described Wickerhamiella and related Candida species (retrieved from the NCBI GenBank database) using Mega 6.06 (Tamura et al. 2013) . The alignments included 63 strains for the D1/D2 sequences and 38 strains for the ITS sequences. The alignments were used to reconstruct phylogenetic relationships using the neighbourjoining (NJ) method (Saitou and Nei 1987 ) with Kimura's twoparameter distance correction (Kimura 1980) . The final D1/D2 and ITS datasets contained respectively 546 and 524 aligned positions. Bootstrap values (Felsenstein 1985) were obtained from 1000 random resamplings. The accession of Starmerella bombicola CBS 6009, NRRL Y-17 069 (HQ111052) was used as outgroup.
RESULTS AND DISCUSSION
The 113 nectar samples and 51 insect specimens yielded 114 yeast isolates, out of which 38 strains were representative of Table S1 , Supporting Information). Wickerhamiella nectarea f.a. sp. nov. was recovered from nectar of Protea dracomontana, P. roupelliae, P. subvestita, P. simplex and P. welwitschii, and from cetoniid and hopliniid beetles, honey bees and drosophilid flies, all of which are common floral visitors to most of these Protea species (Table 1) . Isolates of Wickerhamiella natalensis f.a. sp. nov. were recovered exclusively from nectar of P. dracomontana, and the two species of beetles that are the main pollinators of this plant species (Table 1) .
Species boundaries and phylogenetic position
Analysis of the ITS region and the D1/D2 region of the LSU rRNA gene sequence revealed that W. nectarea f.a. sp. nov. joins a well-supported subclade that contains several species associated with flowers and flower-visiting insects, including the cosmopolitan species C. parazyma and C. azyma, the Brazilian species C. azymoides, and two unassigned strains (UWOPS 95-805.2 and UWOPS 95-863.2) isolated from Hibiscus heterophyllus flowers in Australia (Fig. 1, Fig. S1 , Supporting Information). Wickerhamiella nectarea f.a. sp. nov. showed four D1/D2 intraspecific sequence variants. Strain EBDCdVSAC4Y2 differed in the D1/D2 complete sequence by one nucleotide, strain EBDCdVSAA7Y2 by one nucleotide and one gap, and strain EBDCd-VSAA8Y2 by three nucleotides from all other strains including the type strain EBDCdVS11-1 T , which have identical sequences. (Fig. 1, Fig.  S1 ), including W. dulcicola and W. cachassae, isolated from sugarcane juice and fermentation vats of cachaç a production in Brazil (Badotti et al. 2013) . We identified one D1/D2 sequence variant (EBDCdVSA5-5) that differed from other conspecifics by one nucleotide. The nucleotide sequence of the ITS region of strains EBDCdVSAC9Y2 and EBDCdVSAM2Y2 differed by one nucleotide substitutions from all other strains including the type strain.
Accessions with the highest identity to W. natalensis were Candida sp. UL100 isolated from frugivorous birds in Italy (Francesca et al. 2012) Lachance (2012) .
Wickerhamiella nectarea f.a. sp. nov. has a similar growth profile to its nearest relative, C. parazyma (Table 2) , as assessed by standard methods used in yeast taxonomy . In contrast, W. natalensis f.a. sp. nov. differs from described relatives by several assimilation responses, as well as the absence of growth at 35
• C, which is positive for W. dulcicola and W.
cachassae (Table 2) , although it shares the ability to utilise nitrate and nitrite as nitrogen sources.
Biogeography
Many plant species in phylogenetically disparate angiosperm families, including Arecaceae, Campanulaceae, Cactaceae, Convolvulaceae, Cucurbitaceae, Heliconiaceae, Malvaceae and Vitaceae, serve as hosts for yeast species in the Wickerhamiella clade. Insects, mainly drosophilid flies, beetles and to a lesser extent, bees act as their main vectors (Lachance et al. 2010; Lachance and Kurtzman 2011 
Candida parazyma Wickerhamiella natalensis
f.a. sp. nov.
Wickerhamiella dulcicola Wickerhamiella cachassae
All the strains of the new species listed in Table 1 were tested. +, Positive; -, negative; S, slow; V, variable; W, weak. Invariant responses in all five species: fermentation of glucose is negative. Assimilation of glucose, sorbose, ethanol (slow), 1-propanol (slow), glycerol (weak and variable), succinic acid and 2-ketogluconic acid (weak) are positive; assimilation of inulin, raffinose, melibiose, lactose, methyl-α-D-glucoside, starch, cellobiose, salicin, L-rhamnose, xylose (rarely weak), L-arabinose, D-arabinose, ribose, methanol, 2-propanol, 1-butanol, erythritol, inositol, lactic acid, glucono--lactone, glucosamine, N-acetyl glucosamine, acetone, ethyl acetate and hexadecane is negative. Utilisation of ethylamine, lysine and cadaverine is positive. Growth in the absence of vitamins is negative, and in the absence of amino acids positive. Growth in the presence of 10% NaCl is weak, and 15% negative. Growth in the presence of 1000 ppm cycloheximide is positive. Growth in the presence of 0.5% acetic acid or 6% ethanol is negative. Growth at 6
• C and 30
• C is positive, and 35 • C negative. Starch production and the diazonium blue B reaction are negative. Results for previously described species are from the original descriptions.
Europe, despite an extensive sampling effort conducted in recent years to assess the biodiversity of yeasts associated with flowers and flower-visiting insects, only one member of the Wickerhamiella clade, C. bombiphila, has been isolated from bumblebees and honey, and only twice (Brysch-Herzberg and Lachance 2004 ). This could suggest that Mediterranean and other temperate plant species are not suitable hosts for Wickerhamiella species, or that in this region there are no effective species of insects (probably drosophilid flies and beetles) that can act as their vectors, but more experiments are needed to obtain a clearer understanding of factors affecting their distribution.
In this study, we have extended the known range of Wickerhamiella species associated to flowers and associated insects to the KwaZulu-Natal region of South Africa. Three species in the Wickerhamiella clade were previously isolated from South Africa. Candida sorbophila is a cosmopolitan species associated to plant vats, soil, animals or even water. The other two species, W. domercqiae and C. vanderwaltii are rare, and appear mainly associated to substrates linked to grapes, suggesting an association with fruit flies (drosophilids). The new species described here were exclusively isolated from Protea flowers visited by beetles and flies or from the insects themselves. They were not found in more than 40 additional angiosperm species of 16 families, collected in KwaZulu-Natal and the Cape region, pollinated mainly by bees, birds and butterflies, in which the dominant yeasts were small-spored Metschnikowia species. This fact is consistent with the hypothesis of a close association of most members of the Wickerhamiella clade with the microhabitat provided by specific insect-flower interaction partners (Lachance and Kurtzman 2011) . The hypothesis that yeasts act by enriching the diet of insects, converting floral resources such as nectar into a nutritionally richer biomass (Lachance and Kurtzman 2011) , is more than likely, although it deserves further studies.
Evolutionary considerations
It has been noted previously that members of the Wickerhamiella clade possess a number of characteristics that some have regarded as primitive or ancestral (van der Walt and Liebenberg 1973; Lachance et al. 1998) . This includes lack of fermentative activity, narrow range of carbon utilisation, small cell size, unusual cell ultrastructure and low chromosome numbers. Single gene phylogenies (Kurtzman and Robnett 1998) first suggested an early emerging position for the clade within the Saccharomycotina and featured unusually long branches indicative of a higher rate of substitution. More recent multigene studies (Kurtzman and Robnett 2007, 2013) point to an affinity with other unusual, specialist genera such as Starmerella or Trichomonascus (Kurtzman 2011) , but sustain the notion of higher substitution rates. Lachance et al. (1998) speculated on whether nutritional specialisation should be regarded as a recent adaptation to specific plant-insect niches as opposed to an ancestral condition. An examination of the distribution of growth characteristics of the broader taxon sampling exemplified in Fig. 1 may support instead the alternative view that members of the Wickerhamiella clade exhibit a high degree of evolutionary lability, where specialisation to different niches can occur rapidly. The two novel species described here are a good example, where members of the same subclade differ substantially in the utilisation of galactose, four glycosides, four alditols, citric acid, nitrate and nitrite as well as in a few non-standard growth tests such as resistance to 0.5% tannin, 10 ppm CTAB or 0.5% deoxycholic acid. Many of these growth tests are fairly constant in other yeasts found in similar habitats, as for example flower-insect interfaceassociated yeasts of the Metschnikowia or Kodamaea clades.
Nectar as an underexplored reservoir of yeast diversity
The yeast biota of flowers contains a broad variety of yeast species, most of which are Ascomycetes in the order Saccharomycetales. Flowers and nectar are increasingly recognised as a rich source of novel yeast species, and the discovery of more than 50 new species of Wickerhamiella, Metschnikowia, Starmerella, or Kodamaea recovered from this particular ecological niche has been reported in the last 10 years. Several yeast genera have been recovered repeatedly from nectar, which can be indicative of an adaptive strategy. To become a predictable component of the nectar yeast community, species need first to be introduced to the flower by floral visitors, mainly insects. Once in the nectar, the yeasts must be capable of proliferating successfully in this particular environment, where the high sugar concentration usually favours osmotolerant and fermentative species (Lachance 2006) , which increases their likelihood of being dispersed when a pollinator carries them to a new flower when foraging for nectar. This is a dynamic process, and if this cycle is stable the structure of the yeast community will continue . Several studies have revealed that the same yeast species can be repeatedly recovered from nectar in successive years in the same place Herrera, Pozo and Bazaga 2014; Mittelbach et al. 2015) suggesting an equilibrium in the community . In fact, W. nectarea has been isolated from nectar of different Protea species and from different insect species in different localities in the years 2008, 2011 and 2015 (Table S2 , Supporting Information). The establishment of a specific yeast community in floral nectar may be restricted by several biochemical and physiological factors, but always requires that the flower be visited by pollinators (Lachance, Bowles and Starmer 2003; de Vega and Herrera 2012; Schaeffer and Irwin 2014) . Bees, beetles and flies are the main vectors of yeasts to nectar, and each of these different groups of insects may carry its own unique yeast biota (Spencer and Spencer 1997; Lachance et al. 2001; Brysch-Herzberg 2004; . As each insect type visits a specific set of flowers, yeast dispersal is limited and nectar of plants pollinated by a specific group of pollinators is bound to exhibit non-random or even unique microbial communities. Indeed, plants pollinated by beetles tend to harbour a yeast biota with affinities in the genera Wickerhamiella and Kodamaea, or the large-spored Metschnikowia clade (Lachance, Anderson and Starmer 2006; Lachance et al. 2008 . These yeast communities generally do not overlap with those recovered from plants pollinated by bees or butterflies, which harbour mainly yeasts related to the small-spored Metschnikowia clade and the Starmerella clade (Brysch-Herzberg 2004; Pozo, Herrera and Bazaga 2011; Golonka and Vilgalys 2013) .
Our sampling in South Africa also indicates that differentiation of nectar yeast community composition may be attributable to the activity of different animal flower visitors. Whilst we found nearly monospecific populations of M. koreensis, M. reukaufii or C. rancensis in more than 40 plant species pollinated mainly by bees and butterflies, we found that the nectars of plant species pollinated by beetles were dominated by the recently described large-spored Metschnikowia species and Wickerhamiella species (de Vega et al., unpublished) . We therefore suspect that different yeast genera have evolved intimate symbiotic relationships with different plants and insects, although the fundamental nature of the interaction remains an open question.
The future of floral yeast ecology relies on conducting surveys of new habitats in new regions of the world and the description of new species found in those habitats. We propose that sampling of nectar is a simple and effective approach for assessing microbial diversity associated with the flower-insect interface worldwide. The advantages of sampling nectar for studying yeast diversity are numerous: nectar collection is easy, fast, cheap and non-destructive. Nectar can be directly diluted in sterile saline solution or even in water and yeast cells remain viable for years (de Vega, personal observation). In contrast, pollinator sampling is subject to more imponderables such as weather conditions that can reduce insect activity and capture, low abundance or visitation rates, nocturnal activity, or difficulty to maintain aseptic conditions.
Evaluating the biogeographic diversity of nectar yeast communities remains an elusive task because of lack of sampling in many regions. A large-scale survey in different continents to assess the key biological drivers of nectar microbial diversity is necessary. We predict that nectar yeast biodiversity will be higher in habitats with a higher phylogenetic diversity of plants and a higher diversity of functional pollinator guilds. The study of all potential factors that regulate, restrict or facilitate microbial biodiversity in nectar is expected to yield important new insights into the evolutionary dynamics of plant-pollinatormicrobe interactions.
Description of Wickerhamiella nectarea de Vega, Albaladejo & Lachance f.a. sp. nov
On YM agar after 3 days at 25
• C, the cells are spheroidal to ovoid 1.5-5 × 2-5 μm ( Fig. 2A) . Budding is multilateral but primarily at the poles. A ring is formed in fermentation medium after 2 days, which later develops into a fragile pellicle. Colonies are white, convex or umbonate, glossy. Neither pseudohyphae nor true hyphae are formed. Asci have not been observed in pure or mixed cultures on common sporulation media after 10 weeks of incubation. Growth characteristics are given in On YM agar after 3 days at 25
• C, the cells are spheroidal to ovoid, 2-4 × 4-6 μm (Fig. 2B) . Budding is multilateral. Only a sediment is formed in fermentation medium. Colonies are white, convex or umbonate, semi-glossy. Neither pseudohyphae nor true hyphae are formed. Asci have not been observed in pure or mixed cultures on common sporulation media after 10 weeks of incubation. Growth characteristics are given in 
Transfer of Candida species to Wickerhamiella
In accordance to the requirements of the International Code of Nomenclature for algae, fungi and plants (2012), the following new combinations are proposed. The transfers are predicated on the conclusion that the species included in Fig. 1 form a monophyletic assemblage that is sufficiently cohesive to be treated as a single genus. Although the internal structure of the clade may vary in reliability, membership in the clade is not in question. As to integrity, each of the two subclades of the Wickerhamiella clade contains one or more species that share similar sexual life cycles.
Wickerhamiella alocasiicola (F. 
